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Objective: To enhance design criteria for blowout prevention systems used to handle
sand cut produced from shallow gas formations.

Safety of personnel, equipment and environment is a concern in offshore hydrocarbons
explorations. Blowouts are among the most dangerous hazards in marine environments where
abnormal formation pressures may be encountered at very shallow depths. Well control is
especially difficult where a threatened blowout situation occurs prior to setting surface casing in
the well. If the conventional blowout prevention equipment and procedures are applied,
hydraulic fracturing is likely to occur in an exposed shallow formation due to the pressure
build-up in the well. Moreover, if one or more fractures reach the surface, the resulting flow
can destroy the foundations of a bottom supported structure.

Presently, the best available procedure for handling a threatened blowout from a shallow
gas formation is to divert the gas flow away from the rig structure and drilling personnel. This
requires the use of a diverter system large enough to prevent a pressure build-up within the
well bore, minimizing exposure of the weakest formation to fracture. Figure | exhibits the
key parts of a diverter system. The essential elements of a diverter system include:

(1) aventline for conducting the flow away from the structure,

(2) means for closing the well annulus above the vent line during diverter operations, and

(3) means for closing the vent line during normal drilling operations.

Figure 1. Schematic of the main components of a diverter system



The sequence of events occurring when a shallow gas flow is encountered are illustrated in
Figure 2. When the driller recognizes that the well has begun to flow, the diverter system is
actuated (1b). This simultaneously causes the vent line to open and the annular diverter head
to close. As drilling fluid is displaced from the well, the rate of gas flow into the well
increases due to the loss in bottom-hole pressure (Ic). After the well is unloaded of drilling
fluid, a semi-steady state condition is reached (1d) in which formation gas, water, and sand are
flowing through the vent line. '

(a) Normal flow path. (b) Diverter system (c) Unloading the (d) Pseudo-steady state
activated. well. flow.

Figure 2. Events during operations with a diverter system.

Although conceptually simple, the design, maintenance, and operation of an effective
diverter system for the various types of drilling vessels is a difficult problem. Past experience
has shown that when a situation calling for the use of a diverter arises, failure in the diverter
system often occurs. Among other factors, failures generally result from erosion of its
component parts. Erosion occurs predominantly in the fittings where the flow changes
direction. Even if every part of a diverter system functioned properly, the erosive nature of the
solids in the flow stream could severely limit the vent line life.

Experimental Equipment and Procedure

This work focused on obtaining erosion factors for short and long radius glbows, made of
carbon steel. These erosion factors should be useful for predicting the life of diverter
systems under multiphase flow. In a previous study, erosion rates of various fittings were
measured for mud-sand slurries and gas-water-sand mixtures in pipes of 2-in. internal
diameter. Based in this previous work, a predictive model was developed and published (see
Appendix A). In this study erosion rate of fittings were measured for gas-water-sand mixtures
in pipes of 6-in. internal diameter. These data were then used to test the accuracy of the
predictive model when extrapolated to longer pipe sizes. Now MMS requires a minimum



inside diameter of 10-in. for diverter systems. It was felt that data for a 6" size system will
help validate extrapolation to large diameters. Equipment limitations precluded to work with a
full size 10-in. system.

Two basic models of diverter systems were constructed at the LSU/MMS Research Well
Facility in order to perform these experiments; one of them was used for mud-sand slurries: the
other two were used for gas-water-sand mixtures. A schematic of a model used for gas-
water -sand mixtures is shown in Figure 3.
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Figure 3. Schematic of a model diverter system for erosion tests.

The experimental equipment consisted of five modules; (1) a meter run to monitor the air
flow rate; (2) a pressure pot and piping required to provide the abrasive mass rate; (3) a pipe
and valve to inject water; (4) a diverter pipe; (5) a fitting connected to the exit of the diverter
pipe to provide a change on flow direction. ,

The fluids used in this experiment were tap water and air. Air, for the runs in 6.0-in.
nominal diameter,was supplied by three compressors connected in parallel. The sand used as
the abrasive material for these tests was No. 2 blasting sand.

The test procedure was as follows: Air from a compressor was routed throughout the
metering station (Meter run); once the desired range of steady state gas flow rate was obtained,
a fixed water flow rate was injected by a triplex pump into the upstream side of the diverter
section. As soon as the fluid flow rates were stabilized, sand from the pressure pot was
injected at a predetermined mass flow rate, and simultaneously the data acquisition process was
started.

Data on air flow rate, air exit pressure, water flow rate, and sand mass rate were recorded
as a function of time. Usually, data collection continued up to failure of the fitting being
evaluated.



Summary

The experimental data obtained provided valuable insight into the erosion rates occurring in
the complex multiphase flow behaviour of well/diverter systems at sonic and near sonic
velocities. In the past, erosion studies using flat plates 1.2.3 have shown that the mass of
material abraded from a solid surface is proportional to the mass of abrasives striking the solid
surface. Therefore a specific erosion factor, Fe, is often used to express the erosion caused
by particle impact; this specific erosion factor is defined as the mass of steel removed per unit
of mass of abrasive. Also, previous studies found erosion rate to be dependent on the impact
angle 3 of the solid particles with the eroding surface.

Bourgoyne 4 measured the specific erosion rate, Fe, of various fittings. The fittings
evaluated included steel elbows, plugged tees, vortice elbows, and rubber hoses. He
proposed the following equations for estimating the rate of loss in wall thickness.

Rate of Loss in Wall Thickness.

Dry Gas or Mist. The loss in thickness, hw, with time, t, of a fitting in a diverter system
where dry gas or mist is the continuous phase is given by the following expression in SI units:
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Liquid. The loss in thickness, hw, with time, t, of a fitting in a diverter system where
liquid is the continuous phase is given by the following expression in SI units:
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where Fe is the specific erosion factor, p; is the density of the diverter system'’s component, p,
is the density of abrasive material, A is the cross sectional area of the diverter system's
component, qais the abrasive volumetric flow rate, usg is the superficial gas velocity, usl is the
superficial liquid velocity, A denotes the volume fraction (hold-up) and subscripts g, and 1
denotes the gas, and liquid phases present.

Bourgoyne 4 recommended values for specific erosion factors, Fe. These values are
presented in Table 1, and are based in an average superficial gas velocity of 100 m/s in a 2-in.
internal diameter diverter system. Data for slurries of mud and sand are not included in this
report; specific erosion factors for mixtures of sand and mud were small compared with that of
mixtures of sand and air. In fact, erosion factors for mud carried abrasives were smaller by
one to two orders of magnitude 4.



Table 1

Recommended Values of Specific Erosion Factor { After Bourgoyne 4)

CURVATURE SpeciFic ErosioN FacTor
FITTING TYPE RADILS MaTeriaAL  |GRADE gkg
t/d DryY Gas FLOW MisT FLOW
15 Cast steel WBC 2.2 2.8
" Seamless steet | WPB 0.89 1.1
20 Cast steel WBC 20 2.4
- Seamless steel | WPB 0.79 0.93
55 Cast steel WBC 1.7 20
- Seamless sieel | WPB 0.69 0.77
1.0 Cast steel WBC 1.5 1.65
v Seamless steei | WPB 0.60 0.66
ELBow - Cast steel WBC 1.2 132
- Seamless steel | WPB 0.52 0.55
40 Cast steel WBC 0.9 1.0
: Seamless steel | WPB 0.45 0.49
45 Cast steel WBC 0.7 0.77
> Seamless steel | WPB 0.40 0.44
50 Cast steel WBC 0.5 0.55
- Scamless steel | WPB 0.35 038
6.0 Rubber --e- 1.00 1.22
8.0 Rubber | -—--- 0.40 0.45
FLEXIBLE 10.0 Rubber | ----- 037 0.39
HOSE 12.0 Rubber | ---— 0.33 0.35
15.0 Rubber |  ----- 0.29 0.31
20.0 Rubber e 0.25 0.28
p — Cast steel WBC 0.026 0.064
LUGGED TEE e Seamless steel | WPB 0.012 0.040
VORTICE ELBOW 3.0 Cast steel WBC | 0.0078*

* Assumes failure in pipe wall downstream of bend




The values presented in this table gave an average error of 29% which was felt to be
acceptable for designing diverter systems. The error was based on the collected experimental
data.

Verification for 6-in. Diameter.

Shown in Table 2 is a comparison of the measured erosion rates in the larger pipe size
with those predicted by Equation (1). Note that the average error for these runs was 26%.
These experimental data cover air and mist flow for the long,1.5, curvature radius elbow.

Table 2

Comparison of Calculated and Measured Erosion Rates in 6-in.Diameter Diverter Systems

Erosion Rate

R/d  Usl Usg Sand Rate Fe Calculated  Actual Error
- m/s m/s m3/s kerke m/s m/s -

1 0 30.¢ 432E-6 0.0021 2E~-€ 741E-9 112%
1 0 66.38 508E-6 0.0021 SE-£€ 8E-6 13%
1 0 76.59 S509E-46 0.0021 11E-6 10E-6 19%
1 0 76.99 407E-5 0.0021 9E-% 8E-6 22%
1 0 77.68 273E-6 0.0021 5E-6 5E-6 38%
1 0 97.67 485E-6 0.0021 18E-6 16E-6 13%
1.5 0 59.44 807E-6 0.0014 7E-6 9E-6 ~-18%
1.5 0 61.68 352E-6 0.0014 3E-©6 4E-6 -15%
1.5 0 98.43 578E-6 0.0014 14E-6 28E-6 -49%
1.5 0 99.39 844E-6 0.0014 21E-6 32E-6 -34%
1.5 0 101.7 128E-6 0.0014 3E-6 6E-6 -46%
1.5 0 103.2 328E-6 0.0014 9E-6 15E-6 -39%
1.5 0.00376 68.58 448E-6 0.0017 5E-5 TE-6 -10%
1.5 0.0125 68.7 470E-6 0.0017 7E-6 TE-6 3%
1.5 0.2274 88.15 717E-6 0.0017 17E-6 15E-6 16%
1.5 0.0125 100.8 497E-6 0.0017 16E-6 15E-6 7%
1.5 0.00376 101.49 516E-6 0.0017 16E-6 15E-6 10%

Seamless steel elbows, Grade WPB.



Combination of the new and old data yields slightly different average values for specific
erosion rate factors. These modified recommended values are given in Table 3. A comparison
of the observed and predicted values of erosion rate using these specific erosion rate factors are
shown in Table 4. Note that the average error for all of the data is about 40 %. The same value
1s obtained by using the values presented in Table |. However , the values recommended in
table 3 yield better prediction for the larger diameters.

Table 3

Recommended Values of Specific Erosion Factor Based on 2-in. and 6-in. Diameter
Diverter Systems

CuURVATURE SeeciFic Erosion Factor
FITTING TYPE RADIUS MaTerIAL  |GRADE gkg
. DRy cas FLow MisT FLow
1/d
L0 Cast steel WBC
) Seamless steel | WPB 2.1
L5 Cast steel WBC 2.2 2.8
’ Seamless steel | WPB 14 1.7
20 Cast steel WBC 20 24
“ Seamless steel | WPB 0.79 0.93
25 Cast steel WBC 1.7 2.0
- Seamless steel | WPB 0.69 0.77
Ersow 0 Cast steel WBC 15 1.65
: Seamless steel | WPB 0.60 0.66
35 Cast steel WBC 1.2 1.32
: Seamless steel | WPB 0.52 0.55
40 Cast steel WBC 0.9 1.0
) Seamless steel | WPB 0.45 0.49
45 Cast steel WBC 0.7 0.77
-~ Seamless stee] | WPB 0.40 ' 0.44
50 Cast steel WBC 0.5 0.55
: Seamless steel { WPB 0.35 0.38
6.0 Rubber | - 1.00 1.22
8.0 Rubber | ----- 0.40 0.45
FLEXIBLE 10.0 Rubber | ----- 0.37 0.39
HOSE 12.0 Rubber | ---m- 0.33 0.35
15.0 Rubber | ----- 0.29 0.31
20.0 Rubber | o 0.25 0.28
- 0.064
PLUGGED TEE Cast steel WBC 0.026
—_— Seamless steel | WPB 0.012 0.040
VORTICE ELBOW 3.0 Cast steel WBC | 0.0078*
* Assumes failure in pipe wall downstream of bend




Table 4

Comparison of Calculated and Measured Erosion Rates on 2-in. and 6-in.Diameter Diverter

Systems
Erosion Rate
R/ Usl Usg Sand Rate Fe Calculated Actual Eror
- m/s m/s m3/s kg/kg m/s m/s -
1 0 30.9 432E-6 0.0021 2E-6 741E-9 112%
1 0 66.38 S08E-6 0.0021 9E-6 8E-6 13%
1 0 76.59 509E-6 0.0021 11E-6 10E-6 19%
1 0 76.99 407E-6 0.0021 9E-6 8E-6 22%
1 0 77.68 273E-6 0.002} 6E-6 SE-6 38%
1 0 97.67 485E-6 0.0021 18E-6 16E-6 13%
1.5 0 59.44 807E-6 0.0014 7E-6 9E-6 -18%
1.5 0 61.68 352E-6 0.0014 3E-6 4E-6 -15%
1.5 0 98.43 578E-6 0.0014 14E-6 28E-6 -49%
1.5 0 99.39 844E-6 0.0014 21E-6 32E-6 -34%
1.5 0 101.7 128E-6 0.0014 3E-6 6E-6 -46%
1.5 0 103.2 328E-6 0.0014 9E-6 15E-6 -39%
1.5 0.003761 68.58 448E-6 0.0017 6E-6 7E-6 -10%
1.5 0.0125 68.7 470E-6 0.0017 7E-6 7E-6 3%
1.5 0.2274 88.15 717E-6 0.0017 17E-6 15E-6 16%
1.5 0.0125 100.8 497E-6 0.0017 16E-6 15E-6 %
1.5 0.003761 101.49 S16E-6 0.0017 16E-6 15E-6 10%
L5 0 32 17E-6 0.0014 409E-9 374E-9 9%
1.5 0 47 . 26E-6 0.0014 1E-6 332E-9 294%
1.5 0 72 45E-6 0.0014 SE-6 2E-6 229%
1.5 0 93 49E-6 0.0014 10E-6 4E-6 167%
L5 0 98 45E-6 0.0014 10E-6 4E-6 137%
1.5 0 98 53E-6 0.0014 12E-6 5E-6 141%
1.5 0 103 53E-6 0.0014 13E-6 SE-6 148%
1.5 0 122 60E-6 0.0014 21E-6 34E-6 -39%
1.5 0 167 77E-6 0.0014 S1E-6 37E-6 35%
1.5 0 169 94E-6 0.0014 63E-6 48E-6 32%
1.5 0 177 132E-6 0.0014 96E-6 83E-6 15%
1.5 0 177 110E-6 0.0014 81E-6 T4E-6 10%
1.5 0 178 109E-6 0.0014 81E-6 65E-6 24%
1.5 0 203 112E-6 0.0014 108E-6 78E-6 39%
1.5 0 205 144E-6 0.0014 142E-6 80E-6 78%
1.5 0 222 114E-6 0.0014 131E-6 70E-6 87%
1.5 0 108 19E-6 0.0014 SE-6 4E-6 44%
1.5 0 109 35E-6 0.0014 10E-6 6E-6 2%
1.5 0 108 36E-6 0.0014 10E-6 SE-6 86%
1.5 0 104 S8E-6 0.0014 14E-6 10E-6 46%
1.5 0 108 65E-6 0.0014 18E-6 14E-6 27%
1.5 0 108 75E-6 0.0014 21E-6 14E-6 56%
1.5 0 107 112E-6 0.0014 30E-6 14E-6 109%
1.5 0 11 145E-6 0.0014 41E-6 22E-6 85%
1.5 0 107 227E-6 0.0014 60E-6 36E-6 70%
1.5 0 106 240E-6 0.0014 63E-6 33E-6 93%
1.5 0 103 282E-6 0.0014 69E-6 30E-6 134%

Seamless steel elbows, Grade WPB



Conclusions

The study of multiphase flow trough diverters shows, in general, that the erosion rate for
fluids containing abrasive solids:

(1) Increases exponentially with the fluid flow rate for a given sand rate.
(2) Increases linearly with sand flow rate for a given fluid flow rate.

Also, updated and extended specific erosion factors required to estimate erosion rates are
presented in this work.
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Nomenclature

- Cross sectional area, m.

- Diameter, m.

- Specific factor, kg/kg.

- Thickness, m.

Flow rate, m3/s.

- Curvature radius, m.

- Velocity, m/s.

- Fractional volume or holdup.

- Density, kg/m>

© e o TTma»
L

Subscripts

- Abrasives.

- Erosion.

- QGas.

Liquid.

- mixture.

- Steel,or superficial.
- Wall
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ABSTRACT

When drilling from a bouem supponed structure. the best
procedurc for handling a threatened hlowout from a shallow
gas formation is 10 diven the gas flow away from the siructure
and drilling personnel.  Casc histories weré reviewed in which
failures occurred during diverter opcrations duc 1o erosion
caused by sand production. A model divener sysicm was con-
structed to cvaluate this problem and provide information that
can be used in the design of diverter systems. A number of
pipe littings used al bends in diverter systems were cxperimen-
tally evaluated. The effcet of flow velocity, liquid content. and
sand concentration were included in the study.

It was lound that very rapid wear can occur at velocitics
ncar sonic velocily. Wear rates of 8—in./hr were measured for
short radius "Ells.” The ratc of crosion was found to be about
two orders of magnitude higher for gas/sand mixtures than {or
liquid/sand mixtures. An equation was developed for predict-
ing the wear rate for various ficld conditions. Recommenda-
tions arc given for improving the erosion resistance of diverter
sysiems.

INTRODUCTION

Blowouts are among thc most dangerous hazards of off-
shore oil and gas exploration. When a well threatens 1o
blowout, the quick use of properly designed blowout preven-
tion equipment is necessary to avoid harm to personnel and
loss of the drilling structurc. Well control is especially difficull
when a threatened blowout situation occurs at a shallow depth,
prior to sctling surface casing in the well. Under these condi.
tions, closing the blowout preveniers can lead to severe well
control complications. If the well is closed at the surface,
hvdraulic fracwuring is likely to occur in an exposed <hallow
farmation duc to the build-up of pressurc in the well. If onc
or more fraclures rcach the surface, the resulting flow can
destroy the foundations of a bouom-supporied structure
{Figure 1).

Tables and tllustrations at ¢nd of paper.

Because of the difficulties in handling gas fows while drill-
ing al shaliow depths, considerable auention should be given 10
preveniing such flows when planning the well and when drill-
ing the shallow portion of the well. Scismic technigues and
data [rom nearby wells can somctimes be used to identify
potentiai shallow gas zones prior to drilling. These data can
also be used to cstimate formation porc pressures and required
mud weights 1o safcly control the well through these zones. If
localized gas concentrations are detected by seismic analysis.
hazards can sometimes be reduced when selecting the surface
well location.

Unfortunately. use of existing technology does not always
prevent the occurrence of shallow gas flows. Historical drilling
records since 1965 for the Outer Continental Shelf of the Gulf
of Mexico indicate that shallow gas flows have been cncoun-
tered approximately on 1 well out of cvery 300 drilled. Shal-
low gas blowouts have accounted for 25% of all blowouts ¢x-
perienced in this arca. Thus, contingency plans musi be
developed to address this possibility. Since 1975, a diverter
syslem nas been required for rigs drilling on the Outer Con-
tinental Shelfl of the Gulf of Mexico. The function of the diver-
ter sysiem is to permit flow rom the weli 1o be directed over-
board, away from the drilling personnel and rig structure. The
essential elements of a diverier system includes:

(1) a vent line for conducting the flow away from the
structure that is large enough to prevent a pressure
build—up in the well to values above the fracture
pressure.

(2) a means for closing the well annulus above the vent
line during diverter aperations, and

(3) a means for closing the vent line during normal drilling
operations.

There has been considerable uncertainty as 1o the best pro-
ccdure o follow when shallow gas flows are cxpericnced.
Some operators use a contingency plan which calls for a
volume of weighted mud (o be maintained and a dynamic well
kill procedure to be atempied as soon as the well is placed on
the diverier. However, a recent siudy {Koederitz et. al., 1987U
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has shown that a dynamic kill is usually not feasible with avail-
able rig pumps. Also, records available in the Evems File of
the Minerals Management Service indicate a diverter failure
rate of approximately 50% during shallow gas flows.

The three most common modes of diverter failure have
been:

(1} a failure of the vent line valve to open,
(2) formation fracturc due to insufficient vent line size, and
(3) crosion.

The first mode of failure can be esscntially eliminated through
proper selection of diverter valves and valve operators followed
by periodic maintenance and testing. The second mode of
failure can be addressed through proper sizing of vent lines,
valves, and fittings, and by selcction of an appropriate conduc-
tor casing depth [Beck et al, 1987]. The third mode of failure
is more difficult to address and is the topic of this paper.

This study was broken

into three main parts. First. Avail-
able data from several

case histories were obtained and
reviewed. In the second part of the study, a model diverer
sysiem was constructed and experiments conducted o better
define the variables alfecting the rate of crosion. In the thirg
part of the study, methods for estimating the rate of crosion
under various field conditions were developed. Based on this
study, recommendations are given for improving the crosion
resistance of diverter systems.

REVIEW OF FIELD CASE HISTORIES

Information was collected on 31 wells that encouniered
shallow gas. Typical locations of crosion type failures are
shown in Figure 2 for a simplificd diverter schemaiic.
Prablems tend 10 occur:

(1) at bends in the diverter line.

(2) at flexible hoses connecting the diverter 1o the
wellhead.

(3) at valves or just downstream from valves.

(4) in the wellhead and diverter spool.

The severity of the erosion problems cxpericnced was greatly
affected by the quantity of sand produced by the well. When
considerable sand was produced, diverter component failures
started in the bends and valves and progressed back io the
wellhead. The cntire wellhead and annular preverter was cut
from the well in an extreme case. For this well, sand piles of
ten fcet in height were reported on the rig floor after the well
bridged.

Because of the sensitive naturc of the data, available infor-
mation on most of the field cascs identificd and studied was
very limited. The time elapsed before the uncontrolled {low
stopped was not known for three of the cases. Of the remaining
28 cases, two were  successfully killed using a dynamic kill
procedure shortly alter the flow began. In one case, two relief
wells had to be drilled before the well could be brought under
control. In 25 cases ( 90% ), the well plugged due 1o horchole
collapse. In 14 cascs ( 50% ), flow stopped within a one day
period. In 22 cases ( 79% ), (low stopped within a onc week
period.

REVIEW OF PREVIOUS EROSION STUDIES

Eroston can -he caused by cavitation. impingement of lg-
uids, or impinpement of solid particles. Erosion by impinge-
ment of solid panticles is the most rapid, and is of primary
concern for diverter operations.  Previous erosion studies using
flat plates. {Finnie, 1967], [Goodwin, 1969}, [Ives and Ruff,
1978], have shown that the total mass of material abraded
fram a solid surface is dircctly proportional to the total mass of
abrasives striking the solid surface. Thus, the crosion resulting
from abrasive particle impacl is often expressed in terms of a
specific erosion factor, Fe, which is defined as the mass of steel
removed per wnit mass of abrasive.

Ives and Ruff [1978], working with 0.15 mm abrasives
(100 mesh) and flat steel plates, showed that erosion rate was
directly proportional 1o the velacity of the panticles striking the
platc, raised to a power. Mcasurcd velocity exponents ranged
from 2.5 10 1.8, and decreased with increasing steel tempera-
ture. It was (ound that the specific erosion factor varicd with
the atack angle at which the abrasive stream approached the
steel plaic. The velocity exponent was observed to vary only
slightly with attack angie.

Goodwin et.al. [1969], studied the effect of the size of the
abrasive panticle on the specific erosion factor for particle sizes
up to 0.2 mm (about 60 mesh). His data shows that erosion
rates incrcase with particle size up to about 0.1 mm for
velocities in the range of 200-300 m/s. Erosion rate remained
cssentially independent of particle size for diamcters belween
0.1 and 0.2 mm. The critical particle size. above which ero-
sion rates became independent of particle size, tended to
decrease with decreasing velocity.

Tolle and Greenwood {1977, studied the flow of gas/sand
mixtures in tubulars for gas velocities of up 10 30 m/s. Data
was collecied on the rate of weight loss of several types of
fittings used 1o accomplish a 90 degrec bend in a pipe. He
found that weight loss tended to increase linearly with time.
Several materials were evaluated for crosion resistance, show-
ing only modest improvements could be achieved through
matcrial selection. The use of a larger diameter velocity reduc-
tion chamber upstream of the turn was found to be cffective in
combination with a plugged Tec.

EXPERIMENTAL STUDY

In the current study, two cxperimental set-ups were used
to measure the rate of erosion in various fitings. The first set—
up (Figure 3a) was used for mud/sand slurries. Driiling. mud
flowed from the right side of a partitioned tank to a centrifugal
pump, through 20 fect of 2-in. inside diameter pipe, through
the litting being evaluated, and then back into the tank. Flow
ratcs were periodically checked by temporarily closing an
cqualizing line connecting the left and right sides of the tank.
Sand concentration in the mud was also periodically checked

by taking a sample from the tank.

The second set-up (Figure 3b) was used for gas/sand and
gas/water/sand mixtures. Compressor supplied air flowed first
through a flow control valve and 2~in. orificc meter. The
flow control valve maintained a constant flow rate by means of
a process control computer. Sand was added to the flow stream
from a 6000-1b capacity sand blasling pressure pot through a
metering valve. The weight of the pressure pot was con-
tinucusly monitored, and the sand flow ralc was determined
from the rate of change of weight with time. Water or mud
could be introduced downstream of the sand injection point.
The mixture then flowed through 56 feet of 2-in. inside
diamcter line, through the fitting being evaluated. through a |
feot 1ail picec, and then exited 1o the atmosphere.
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The fittings cvaluated included sicel Ells,  plugged Tees,
vorice Ells, and rubber hoses (Figure 3c). Weight loss and

" wall thickness loss were periodically determined during the

tests.  Wall thickness measurements  were madc using an
ultrasonic method. Thickness profiles were determined along
poth inside and outside radii of the bends. Data were collected
o permit evaluation of sand rate, fluid velocity, Muid
roperties, and fiting type. The sand used in the experimental
tests was No. 2 blasting sand. Grain size distributions measured
for several different batches are shown in Figure 4.

Effect of Sand Rate on Erpsion Rate

The use of the specific crosion factor, Fe, for characteriz-
ing the cffect of sand concentration on crosion in pipe bends
was evaluated using the data shown in Figure 5. Note that the
wear rate was found to be directly proportional to the sand rate
for the range of conditions studied. These sand rates were suf-
ficient to result in sand concentrations of up to 0.12%. At high
concentrations, significant decreases in the specific erosion
factor would be expected due to interference between sand
grains. However, the use of a constant value for the specific
erosion factor appears acceptable for sand concentrations rep-
resentative of diverier operating conditions.

Effect of Velocity on Erosion Rate

Experiments were conducted in the current study to deter-
minc the effect of velocity on the rate of crosion for velocities
of up to 220 m/s. The experimental results are shown in
Figure 6. The apparent slope of 2 includes the effect of in-
creasing steel temperature with increasing flow velocity due to
the sand particles impacting the wall of the [iuing. At very high
velocities, portions of the fitiings were observed to smoke and
begin to turn red due to very high temperature increases.

Effect of Fluid Type on Erosion Rate

Comparison of Specific Erosion Factors, Fe, obtained in
similar fittings for mud carried abrasives and gas carried
abrasives suggests that erosion rates are lower for mud by onc
to two orders of magnitude ( Table 1). The addition of small
quantities of liquid to a gas/sand mixture was found to increase
the specific erosion factor. The observed increase was more

than would be expected due to the increase in gas velocity

caused by the liquid hold-up. The presence of liquid in the
system appeared to increase the cutting efficiency of the sand.
This was especially true in plugged Tees.

The higher crosion rates for gas is thought to occur because
the transfer of momentum [rom the solids to the fluid is much
less efficient. Thus, the solid particles strike the wall of a
bend at a much greater angle in gas than in liquid ( Figure 7).
For ductile materials such as stcel, the maximum rate of ero-
sion occurs at an angle of impact with the eroding surface of
about 20 degrees. For britie materials, the maximum rate of
erosion occurs at an angle of 90 degrees [Ives and Ruff,
1978].

The addition of liquids to the gas at volume fractions abovc
5% has been shown lo have a large effect on the maximum
(sonic) velocity of the mixture [Beck et al, 1987]. Al at-
mospheric pressure, thc maximum velocity is reduced [rom
about 300 m/s to about 30 m/s by incrcasing the liquid frac-
tion to 10%. Since velocity is the most important paramcler
affecting the erosion rate, the addition of liquids to the flow
strcam would be cxpected 1o have a favorable effect under
some conditions.

Effect of Fitting Type on Erosion Rafe

L.ong radius ‘Ells and [exible hoses are currenty the maost
common fittings used to make a turn in a diverter system. The
effect of radius of curvature, r, on the specific erosion factor,
Fe. is shown for liquid/sand mixtures in Table 1 and for
gas/sand mixturcs in Figure 8. Note that the erosion factor
increases with increasing radius of curvature for liquid/sand
mixtures, but decreases with increasing radius of curvature for
gas/sand mixtures. Since the expected flow velocity and rate of
erosion is much higher for gas flows, the effect shown in
Figure 8 is of greater importance in the design of diverter sys-
tems. For gas/sand mixtures, the specific erosion factor
decreases rapidly with increasing radius of curvature, up to an
r/d value of about 9. Above this value, the erosion factor
decreases much more slowly with increasing r/d values.

Rubber was found to be less erosion resistant than steel
when tested at a common r/d value. However, the expected
field performance of flexible rubber hoses is about the same as
for stec! clls because of the inherently larger r/d values for
flexible hoses.

Specific crosion [actors for plugged Tees are shown in
Table 1. A plugged Tec was found o be about two orders of
magnitude ‘'more crosion resistant than a long radius or short
radius Ell for dry gas/sand mixtures. When small quantities of
waler is produced along with the gas, the observed improve-
ments obtained using a plugged Tec drops to about one order
of magnitude. When only liquid and sand are present the
plugged Tee is less erosion resistant than the long radius or
short radius Ell.

Specific erosion factors for Vortice Ells are also shown in
Table 1. The Vortice Ell Titting was found to be superior 10 all
other types for gas/sand mixtures. The pipe just downsircam of
the Vorice Ell was found to fail more quickly than the fiting.
After replacing downstream scctions of pipe several times
during an extended test, no appreciable wear was noted in the
Vortice ElL

The location of the areas of maximum wear raic for the
various fittings studied are shown in Figure 9. For gas/sand
mixtures in Ells and flexible hoses, failure occurred on the
outside wall of the bend, at a point approximately where the
centerline of the upstream pipe would intersect the wall of the
bend. For mud/sand mixuures, the point of failure remained
on the outside wall of the bend, but moved downstrcam o a
point near the exit of the fiting.

For the plugged Tee and Vortice El fittings, the most
severe wear occurred near the exit for gas/sand mixtures.
However, wear was more uniform with some wear occurnng
throughout the fiting. No metal targets were used in dead—end
portion of the plugged Tces. For runs madc with 0.4
bbl/mmscf Jiquid present in the gas, maximum wear was ob-
‘served in the dead—end portion of the plugged Tee. This sug-
gests that the use of mctal targets can be benelicial. However,
ficld problems have been rcported duc to melal targets break-
ing loose and moving downstream. Thus, targets should be
designed as an integral part of the fiting.

EROSION RATE EQUATION

Bascd on the experimental work performed in this smdy.f
the following equation is proposcd for esumating the rate o

crosion in diverer systems:
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Gas Coniinuous Phase (Dry Gas or Mist Flow)

— = F B'__ - s | (n
dt pA 100 f
£
Liquid Continnous Phase
dh pq v 2
— = g 2 R (2)
dt PA 100 1,

Recommended values for specific crosion factor, Fe, are
given in Table 2.

The accuracy of the proposed calculation method was
verificd using the experimental data collccted in this study. A
comparison of the calculatcd and observed erosion rates are
given in Table 3. The average error obscerved was _29%. This
was felt: to be an acceplable level of accuracy for diverter
design considerations. The following example illustrates the use
of the crosion equations and the adopled system of units.

Exam;_;ie

Estimarte the life of a diverter having an inside diameter of
9.25—in. (0.235 m) and a wall thickness of 0.375~in.
(9.525 x 107" m) Jor a gas rate of 100 MMSCFID (32.77
m 3{s). The lasi bend in the system is a seamless steel Ell
having an rld value of 1.5. The estimared pressure ai ithis
Sitting, which is 150 ft { 45.7 m ) from the exit, is 70 psia
( 483 kPa j and the design sand rate is 2.12 f °'s .
(1.0 x 107 m?> is]. The temperature of the gas is 150 F
(66 "C) and the reference lemperature is 60 F (1§ °Ci.
The specific gravity is 2.65 for sand and 7.85 for steel.

Solution
The gas flow rate at the fitting is

2 S
101 66+ 273 _ 03, ol
483 16 + 273 PRE

-

32.77m°/s

The gas fraciion for no liquid (dry gas} and no slip is

8.04 -

R — 0.9999
8.04 + 0.00] + 0
The superficial gas velocity is
8.04’713/5 = 185 m/S

(0235 m*
4
The specific erosion factor from Table 2 is 0.89 gtkg or
0.89 x IO_J kgtkg. The Erosion rate from Equation | is

2.65 0.001 185 ]2
7.85 T 0.2357% 100(0.9999)
4

—c-i—h— = (0.00089
dt

= 2.37 210" s

The estimared life of the El is

-

9.525 x 107 m .
= 4025 or 6.7 min

2.37 x 107 nus

Equations | and 2 were used to estimate the erosion life ¢
various diverter components under a varicly of assumed fiel
conditions. Calculated erosion rates for Ells having an r/d ¢
3.5 and for a sand rate of 0.001 cubic meters per second ar
shown in Figure 10 as a function of diverter inside diamete
and superficial gas velocity. Note that crosion rates increase b
two orders of magnitude as velocity increases from 30 m/s t
the maximum (sonic) velocity of about 300 m/s. Note alsc
that for a given sand production rate, the erosion rate decrease
with increasing diameter, when referenced at the same velocity
However, the velocity at a bend depends on the pressure a
wcll as the flow rate. Thus, the effect of diverter size on erc
sion rate at an upstream fitting is quile complex and depend
upon a number of factors.

The cffect of fitting type on predicted erosion rates is show:
in Figure 11. Not¢ that an order of magnitude decrease i
crosion rate is predicted for changing from an Ell to a pluggec
Tece or Vortice Ell

RECOMMENDATIONS

The data obtained in this study suggests that bends in diver
ter systems should be avoided when possible. When a bend &
required, a plugged Tee or Vortice Ell should be used. 2
diverter system should be used during a shallow gas flow on :
hottom supported structure primarily to provide time for ar
orderly rig abandonment. When high flow rates are ex
pericnced, the diverter sysiem should not be depended upor
for an attempt 10 regain control of the well. The use of sanc
prohes at the diverter exit is recommended as a warning
device.
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NOMENCLATURE

A - Cross scctional arca, m

fs —  Fractional volume of liquid.

f, -  Fractional Volume of gas.

F. = Specific Erosion Factor, kg/kg
h = t(hickness, m

4, - Flow ratc of abrasives, m” /s
Vo T Superficial gas velocity, m/s
Ve T Superficial liquid vclocity, m/s
= Density of abrasive, kg/m?
- Densily of steel or wall material. kg/m”
t - Time, §

81t




Specific Eroslon Factors ¢ g / kg )

Viuld Type Cast Steel EN Caxt Steel Ell Cast Steel | Cast Steet
'( rid=3) (rld =3.25) Plugred Tee| Vortice EN

Clay/Water Mud
Plastic Viscosity = § ¢ep P nony 0.007¢6 0.0046 a.0n28
Yield Doinl = J 1b/100 It

.
Al 1.6 1.54 0.0255 0.0078
Alr with
0.1 BUHL/MMSCF Water —_ - 0064 —
Alr with .
0.4 BRIJMMSCF Water 1.66 0.057 —
Air wlth i
0.1 BRL/MMSCF Mud —_— i — 0.032 -

Failure occurred in pipe weil just downsiream of fitting.

Tabie 1 - Effect of Fluid Type on Specific Erosion Factor For Cast Steel
[ ASTM A 216. Grade WBC)

E Specific Frosian Factare (g 7 ka1 7
Fitting Type rfd ‘ . i T
;o Material Dry Gas Flaw | Al Flow | Liquid Finw
: ; ;
£ 15 | GantSteat 22 P | n.nar
{Scamless Sieel 0.89 [
: iteuc AR : H
2.0 | G Sied 2.0 o .00
t
!Sr.\g\.l‘:s:_'ﬁlccl 059 | 1.93
e . i 0.00¢
25 | GsSea | [ 20
Scamless Sicel 0.69 | a.37
rwze wWER ki
: v
3.0 Cas Steet 1.5 i 1.8 0.0014
s xS 8
“'f‘.'.»f'irﬁ'"' 0.60 n.66
38 ) Gated 1.2 1.32 0.0076
S"eT.E:(‘:r'Elcd 0.82 0,83
4.0 Gans Siee 0.9 | 1o 9.0
Sc:’;rfn&si_r.zlccl n.45 ' 049
L Stect - Ry
4.5 Cast Stee 0.7 |63 0.1
3
..n’ml:.«:'snlccl 0.40 0.44
e S z
3.0 93;{:51 [ (3 0.0
Sclg\l:*irg(c:l 6.35 0.38
Flexible Ilnse | 6.0 Rubber 1.00 [RLE 0.02
8.0 0.30 0.45%
10.0 0.37 0.39
i2.0 0.33 0.3%
15.0 0.29 0.31
20.0 ‘ n.28 0.28
Plugged Tee — Cast S_l,cngl 0.026 0.064 0.0046
Scamiess Siccl 0.012 0.050 .01
Geote WEA
Vortice [l a0 Cast Steel 0.0078 0.0028
Diate WPBC
° Avtvees Cadwer i P Watl Drewrttram of femd

Table 2 - Recommended Values of Specific Erosion Factor

812




A4

PRCRINTY

Fitting | r / d |Superficial Velocity| Sand | Specific EROSION RATE Location of
Type Ratio - Rate | Erosion - Max Wear, 0
- Liquid Gas 3 Factor | Observed| Calc | Frror| (seec Fig 9 )
m/s wm/s | W /s| kg/kg deg
Seamirss 1.5 ¢ 52 1.73e-05] g.g7e-04 3.742-07 [2.59e-07 -31 10
ELl 1.5 c 37 2.55e-0S| g.g7e-04 3.324-07 [B.29e-07 150 38
1.5 o] 2 4.46e-05| B .B7e-04 1.650-056 |3J.44e-06 108 18
1.5 [+ o3 5.93e-05| 3§.87e-04 3.70e-06 {6.26e-05 69 48
1.5 o] Y 4.52e-05| g.g7e-04 4.23e-06 {6.36e-06 50 48
..5 o] ag 5.26e-05| g g7e-04 4.94e-06 |7.54e-00 53 48
1.5 0 103 5.32e¢-05] E.87e-04 5.29e-06 |8.30e-05 S7 48
1.5 6] 122 6.01e-0S| g.87e-04 3.43e-05 |1.33e-05 -61 48
1.5 o 167 7.72e-05| 3.3%e-04 3.73e-05 |3.20e-05 -13 8
i.5 c 169 2.%5¢-05| p.57e-04 4.77e-05 [3.9%~05 -16 48
1.5 o 177 1.32e¢-03| & 87e-04 8.336-05 |5.08e-05 -27 s
1.5 2 177 1.10e-C4| a.87e-04 7.38e-05 |5.12e-05 -n PO
1.5 o 178 1.09e-04] a.57e-04 6.52e-05 [5.11e~05 -22 28
1.5 0 293 1.12e-04 8.3%7e-0% 7.762-05 | 6.82e-05 .12 is
1.5 [« 205 1.3%¢-03l g8.5%e-04 7.96e-05 |2.98e-05 ! 13 a8
1.5 s} 2a 1.13%e-04f g8.37e-Q4 7.01e-05 (8.30e-05 | 18 s
..5 0 108 1.89e-05| g .37¢-04 31.56e-06 |{3.25e-06 -9 48
.5 o] 109 2.59e-05| g§.€7e-~0% 5.64e-06 [6.1%e-06 g 48
i.s o 108 3.83e-05 g 37e-04 5.29¢-05 |5.22¢-05 17 i
1.5 0 104 5.78e-051 3.376-04 2.88e-06 |2.17e-06 -7 .8
1S o 108 5.46e-05| 5. 1.3Be-05 |i.1le-05 ; -20 s
1.5 o 108 5.8%e-05| s 1.37¢-05 |{1.35e-05 1 -3 .8
1.5 ° 107 1.12e-03 5 1.43e-05 {1.8%e-05 | 32 s
.5 [+ 113 1.45e-0%f g.g7e-04% 2.23e-G0S 12.62e-05 | 18 8
1.5 o 107 2.27e-03] g 33 3.56e-05 |3.83e-05 | 8 P
1.5 0 105 2.30e-04f 5.57 3.26e-05 13.99e-05 i 22 8
15 3 153 2.22e-03| g.37e-04 2.96¢-05 {3.39e-05 | 48 is
Ruzoer 5.5 0 104 1.3%e-04] 3 8.622-05 |:.01e-CS5 | 13 19
5 o i1 ©.87e-051 - 2.8le-C5 {2.97e-CS | 6 e
5 a ics b3 b 3.25e-05 {3.1%e-C% i -2 P
5 o 112 M : 3.45e-05 : -17 29
5.5 s i3 : : §.2B2-05 5.52e-C5 | 5 s
3 o8 1.40e-051 1.76e-07 l.75e-07 | -}
> :. 3.382-08 | boo-z
ol & 2.51e-C8 3le 4 o]
5 z 2.652-08 (2.81 12
: 2 E 2.82:-08 |2 1
: c 5.752-C% 3.352e-0% l&.%5e-iC{ -75
H o) 2.85e-03 3.52e-0¢ i? 78.-CS ! i8¢
H i .
: 2 116 1.32e-0% 5.742-05 }5.83e-05 | -2 31
3 5.83 g6 1.26e-03] z.22%-03 | §.23e-05 }3.14e-05 | -2 46
! 2.53 o2 1.33e-03| z . Cle-03 4.61e-05 14.13e-05 | -ii 6
H C.i2 85 1.%8e-03| 2.00e-03 $.23e-05 {3.93e-05 | -7 35
1 0.53 84 1.5%e-04| 2. 20e-03 3.8le-05 33562&-05 H -5 4
1 t
! casc zir | 2.875 o 14 7.15e-05| 1.5 3.32¢-05 |3.76e-05 i 13 39
Cast E11 2.8B75 o 107 1.54%e-04| 1 z20 $.96e-05 5.66e~05 | -6 36
Cast Eil 2.875 [} 141 5.55-05| 1 &Ce-03 3.02e-05 3.45e-05 i 14 36
Cast Ell 2.873 ¢ 107 1.21e-0%! 1.50e-03 $.35e-05 3.6Be-05 | -15 3
3.25 0 111 2.08e-04f 1, 6.15¢-05 | S.78e-05 -6 36
2.25 o 141 7.36e-05] %.10e-05 3.32e-05 -i9 36
3.25 0 151 3.06e-05} 3. 1.55e-05 1.36e-05 -12 s
3.25 o} 148 5.78e-05) . 3.20e-05 2.85e-0U5 -11 38
Cas: 2.25 .53 52 1.58e-04{ 1.320e-03 2.25e-05 2.09e-05 -7 43
Cast 3.25 0.32 84 1.95e~04} 1. 50e-02 3.88e-05 3.41e-05 -12 43
Caszt 2.25 0.12 o2 9.64e-0S| 1.50e-03 | 2.54e-05 |2.05e-05 -1 o
Casst 3.2% 0.53 107 5.41¢-05} 1 5Ce-03 2.33e-05 Z.42e-05 4 44
cast £11 +.5 ) 111 1.52e-04| 7,00e-04 2.12e-05 |2.20e-05 | 4 s
Cast Q 127 1.32e-04] 2.80e-05 5.57e-07 Q.27e-07 66 EXIT
Plugaed ¢} 141 2.27e-05| 2.50e-0S 3.81e-07 1.95e-07 -49 TXIT&PLUG
Tee ° 141 1.46e-04| 2.50e-05 | 4.73e-07 |1.25e-08 165 UNIFORM
Cast 0.53 <0 6.06e-05| &.30e-0S 3.25e-07 3.23e-0? ~1 TXIT&PLUG
Plugged 0.12 b 1.90e-04| 6.350e-05 1.06e-06 1. lBe-Ot': 12 PLUG
Tea J.53 81 1.58e-04| =, 30e-0S 5.57e-07 1.12¢-08 100 PLUC

Table 3 — Comparison

of Calculated and Observed Erosion Rales
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Figure | - Example blowout itlustrating the need for a diverter sistem.
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Figure 9 - Location of Points of Mavimum Rate of Frosion
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Figure 10 — Effect of Diverter Size on Predicted Erusion Rate
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Figure |11 - Effect of Filling Type on Predicted Erosion Rate



